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FY 2018/2019

O 4 new TSL evaluations
m 3 first-of-a-kind evaluations

O Modern predictive methods for thermal neutron cross
section calculations based on the use of atomistic
simulations

B Ab initio lattice dynamics

B Molecular dynamics (ab initio and classical)
O New materials
O All states of matter (solid, liquid, gas)
O Imperfect structure

O Expanding the FLASSH thermal scattering analysis platform

B Removed approximations such as incoherent approximation,
cubic approximation, atom site approximation and SCT
approximation

O Initiated the integration of the Generalized Nuclear Data
Structure (GNDS) format into FLASSH



Objectives

United States Department of Energy

Nuclear Criticality Safety Program

Tne M i ssi o n a “d vi si 0 “ Five-Year Execution Plan for the Mission and Vision

FY2018 through FY2022

2014-2023

Thermal scattering (Paraffinic O1l, HF, Silicone O1l, UO,F,, PuH,, UH3,
Parafﬁn, Ugog, Ugsiz, UC, Pu02, etc_)’ 239Pu’ Fe’ CI‘, 237Np, Pb, 55Mﬂ, Tl, 240Pu/
U, Th, Be, "'V, Zr, F, K, Ca, Mo, Na, La

Priority Needs */ Additional
Needs

Minor Actimides (13), S1C(17), S10, (17), Cs0,Hg (16), CH; (17). Be (17), BeO
Completed Evaluations (FY) (17), Graphite (17), UO, (17). UN (17), Mn (12), *ONj (14), 150128183 180180y
(14), Ca (16), ’Co (17), ®“Cu(17)




Objectives

United States Department of Energy

Nuclear Criticality Safety Program

sion and Vision

The Mission and Vision Fifis e Esécution Pih oPthe

FY2018 through FY2022

SRR S Thermal scattering (Paraf} (')il@Siliconc 0il, UO,F,, PuH,, UH;,
Friority Needs */ Additional Paraffin, UOg, U3Si;, UC, PuO,, etc.), *°pu, Fe. Cr, :"‘Np. Pb. **Mn. Ti, **°Pu

s U, Th, DK ™'V, Zr. F. K. Ca. Mo, Na, La
Minor Actinides (13). SH7). S 17). (PRs (16). CHL17). BIR). P20

Completed Evaluations (FY) (17). Gropgite (17). M (17). O 17). *Mn (12), **Ni (14), 180158.183.184.186yy
(14), Ca (16), "Co (17). “**Cu(17)

. .

.

Completed light water (H,O) Finalizing molten salt FLiBe




Neutron Thermalization

Using first Born approximation combined with Fermi pseudopotential, it can
be shown that the double differential scattering cross section has the form

do 1 |E' ~ )
dQdE’ 47[\/; 1FeonS (K,0) + TS (£, 0)

The scattering law S(k,w) is composed of two parts

S(x,w) =S, (k,0)+ S, (x,w)

Van Hove's space-time formulation
I(#.1) =[G (F.t)exp ik -7 )

S(/?,a)):z—ih [ [6(r.t)e™drdt

where G(7,t) is the dynamic pair correlation function and can be expressed
in terms of time dependent atomic positions.



Since 1960s

S_(a,8) =k, T - S (% ) GASKET
NJOY/LEAPR
i’ INCOHERENT
d0dE]| 2k TVE> APPROXIMATION
inelastic
B= Ek_TE ~ Energy transfer o= (E+E'_E‘/TE?C°SB) Momentum transfer

The scattering law (TSL) is the Fourier transform of a Gaussian correlation
function

Ss(a,ﬂ) — % je—iﬁte—ﬂf(t)dt

i o(B) i /2
7(t) = I,Bsmh(ﬂ/Z)[ —e e dp

o(f) — density of states (e.g., phonon frequency distribution)



Thermal Scattering Law Analysis

OKey development in the last 20 years is
the use of atomistic simulations methods
to support the evaluation process

M Produce data necessary to calculate the TSL including
O DOS for evaluation of TSL
O Direct access to TSL using correlation analysis

ackage

imulation




Material

Beryllium metal

ENDF Library Name

tsl-Be-metal.endf

ENDEF/B-VIII TSL Evaluations

Evaluation

Basis
DFT/LD

Institution

Beryllium oxide (beryllium) tsl-BeinBeO.endf DFT/LD NCSU
Beryllium oxide (oxygen) tsl-OinBeO.endf DFT/LD NCSU
Light water (hydrogen) tsl-HinH20.endf MD CAB
Light water ice (hydrogen) tsl-HinIcelh.endf DFT/LD BAPL
Light water ice (oxygen) tsl-Oinlcelh.endf DFT/LD BAPL
Heavy water (deuterium) tsl-DinD20.endf MD CAB
Heavy water (oxygen) tsl-0inD20.endf MD CAB
Pon|_11ethyI Methacrylate tsl-HinC502H8 endf MD NCSU
(Lucite)

Polyethylene tsl-HinCH2.endf MD NCSU
Crystalline graphite tsl-graphite.endf MD NCSU
Reactor graphite tsl-reactor-graphite- MD NCSU
(10% porosity) 10P.endf

Reactor graphite tsl-reactor-graphite- MD NCSU
(30% porosity) 30P.endf

Silicon carbide (silicon) tsl-CinSiC.endf DFT/LD NCSU
Silicon carbide (carbon) tsl-SiinSiC.endf DFT/LD NCSU
Silicon dioxide (alpha phase) tsl-SiO02-alpha.endf DFT/LD NCSU
Silicon dioxide (beta phase) tsl-SiO2-beta.endf DFT/LD NCSU
Yttrium hydride (hydrogen) tsl-HinYH2.endf DFT/LD BAPL
Yttrium hydride (yttrium) tsl-YinYH2.endf DFT/LD BAPL
Uranium dioxide (oxygen) tsl-0OinUO2.endf DFT/LD NCSU
Uranium dioxide (uranium) tsl-UinUO2.endf DFT/LD NCSU
Uranium nitride (nitrogen) tsl-NinUN.endf DFT/LD NCSU
Uranium nitride (uranium) tsl-UinUN.endf DFT/LD NCSU




Material

Beryllium metal

ENDF Library Name

tsl-Be-metal.endf

ENDEF/B-VIII TSL Evaluations

Evaluation

Basis
DFT/LD

Institution

Beryllium oxide (beryllium) tsl-BeinBeO.endf DFT/LD NCSU
Beryllium oxide (oxygen) tsl-OinBeO.endf DFT/LD NCSU
Light water (hydrogen) tsl-HinH20.endf MD CAB
Light water ice (hydrogen) tsl-HinIcelh.endf DFT/LD BAPL
Light water ice (oxygen) tsl-Oinlcelh.endf DFT/LD BAPL
Heavy water (deuterium) tsl-DinD20.endf MD CAB
Heavy water (oxygen) tsl-0inD20.endf MD CAB
Pon|_11ethyI Methacrylate tsl-HinC502H8 . endf MD NCSU
(Lucite)

Polyethylene tsl-HinCH2.endf MD NCSU
Crystalline graphite tsl-graphite.endf MD NCSU
Reactor graphite tsl-reactor-graphite- MD NCSU
(10% porosity) 10P.endf

Reactor graphite tsl-reactor-graphite- MD NCSU
(30% porosity) 30P.endf

Silicon carbide (silicon) tsl-CinSiC.endf DFT/LD NCSU
Silicon carbide (carbon) tsl-SiinSiC.endf DFT/LD NCSU
Silicon dioxide (alpha phase) tsl-SiO02-alpha.endf DFT/LD NCSU
Silicon dioxide (beta phase) tsl-SiO2-beta.endf DFT/LD NCSU
Yttrium hydride (hydrogen) tsl-HinYH2.endf DFT/LD BAPL
Yttrium hydride (yttrium) tsl-YinYH2.endf DFT/LD BAPL
Uranium dioxide (oxygen) tsl-0OinUO2.endf DFT/LD NCSU
Uranium dioxide (uranium) tsl-UinUO2.endf DFT/LD NCSU
Uranium nitride (nitrogen) tsl-NinUN.endf DFT/LD NCSU
Uranium nitride (uranium) tsl-UinUN.endf DFT/LD NCSU




I'hermal Scattering Cross-Sections

Evaluation DFT /LD
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DET system structure
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I'hermal Scattering Cross-Sections

Evaluation MD/QM

LAMMPS

I

I
Velocity Auto- Wl Evaluate classical
Correlation o G(r, t) and 1°/(k, t)
Function (VACF) :

:

|

|

|

Density of States

Quantum
mechanical
model

Phonon
model

Cubic

Approximation No speC|f|c

assumption

Quantum Correction

Thermal Scattering - Thermal Scattering
Law S(a, B) Cross Section



Computational Capabilities

O Hybrid mini cluster - 17 nodes
= 324 CPU cores
= 22 Nvidia GPUs

= Expanding.....

111

O Parallel computations
= Atomistic simulations
= TSL analysis
= Neutronic simulations
= System design

O VASP, PHONON, LAMMPS
PREPRO, NJOY, FUDGE,
SAMMY, MCNP, Serpent,
GEANT4, McStas, PARET,
RELAP, COMSOL

b
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Heavy Paraffinic Oil
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Light Water

Flexible TIP4P/2005 potential

12
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Light Water
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Liquid FLiBe — FY 2019
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Hydrofluoric Acid

O Strong hydrogen bonding

O Unique molecular structure
dynamics

Perturbed Morse Osc.

4 ... V(r) = Clexp[-D(r —1ry)] — 1} + E;




FLASSH Code

! Project Configuraton

1/0 Options. One Phonon Configuration

Elastic Outout Coherent Elastic (DBW Matrtx) One Phanan Correction Do not Apply
a,BGrid
B Automatic Sub-ibrary Multpler

Energy Grid P
= Number of One Phonr
Print Resokion g, B ridding resokution
LUist of One Phonon
Scatterers

Asymmetry $(0, B) Do Not Print Asymmetric S(0, B)

Differentl Xsecton Do not print Maximum a to apsly

Incdent Energy
Polarization Fie ey

Number of Scattering Anges

Calcuiation Configuration Compound Material Property

Phonon Exparsion Order | 100 I this materias chemicalformuia, a toal ¢
Summed S(0, B) S e kinds of elements are presented with the number

(subscriptyof || | for each element type
Apply Scatterer 4 i

Mass (amu) for
each element

9.012182

Integral Type Anaiytical Integral *

Free Atom o (b) 6153875

Temperatures for each element

Number of Temperatures 3
ENOF TSL Library MT # 2
300 400

Temperatures:

Lattice Constant A ()
Lattice Constant 8 (A)
Lammice Constant C (A)
Ange o (Gegrees)
Ange B (degrees)
Ange v (degrees)
Number of Non-Equivalent Atoms Sites:

Number of Atoms per Each Sae-

SRS 2 folder ) @ History 2 Invert selection
Organize New Open Select

Desktop » FLASSH > FLASSH beta2 > Projects > Be_BeO_no_one_phonon
1e - Date modified Type Size
Control.tt TXT File 1KB
Crystal.bd 4KB
crystala.bt 1KB
srystalb.bt 1KB
crystale.bt KB
plel) g
205 File E Sea
208 o @ E
=ndf;
sty Corile ]

1 /Coherent Elastic (DBW Matrix)

1 /Sum to the specified phonon order

1 /Automatic Alpha Beta Grid

1 /Automatic Energy Grid

2 /Print S(a,b) in Alpha Beta gridding

@ /Do Not print asymmetric S(a, b)

@ /Do not print differential

1 /Analytical Integral against Alpha

1 /Scatterrer to be evaluated

300 /Maximum Phonon order or specified|
4 /Number of Temperatures
300,400,500,600 /List of Temperatures
@ /Do not apply coherent one phonon cor
1 /Scale Alpha Betawith T (Grids are T
27 /Material Number (MT) of ENDF File7
1 /Number of scatterers in B(N) listing Scattering System Hub
1 / Number of atoms for each scatterer .
9.012182 /AMU Mass for each scatterer in B(N) list in ENDF library
6.153875 / Free Atom Cross Section for each scatterer in B(N) list in ENDF library

, etecl)

Normal text file length : 897 lines: 20 Ln:10 Col:4 Sel:0|0 Windows (CRLF)  ANSI




FLASSH Code Features

Coherent Inelastic O
Remove Incoherent Approximation a d
Remove Short Collision Time (SCT) ] d
Approximation
Integral against alpha differential . Default: Analytical
c Numerical . .
cross section Optional: Numerical
Lo ) Default: Automatic grid
a, B Gridding User input . .
Optional: User input
Parallel C ti
arafiel tomputing O Using OpenMP
Graphite User Interface O
Syntax and Error Checking O d
Coherent Elastic Calculation
Supported Structure Hexagonal, FCC, BCC Any crystal structure

Graphite, Beryllium, Beryllium

Supported Materials Oxide, Aluminum, Lead, Iron

Any material

Any number of elements

Compound Materials 2 elements with ratio 1:1 . .
with any ratio

Remove Cubic Approximation O

Remove Atom Site Approximation O d

Coherent Elastic Scattering Cross
Section

On every reciprocal lattice

Over Ewald Sphere .
point

Need to modify source code if

. . Yes No
calculating other materials



Liquid Physics in FLASSH

O Separation of the
diffusive DOS from .
the continuous
(solid) DOS in LEAPR il

0.2+ U/

O Convolution of the
solid and liquid TSL |
components |
Stotar(@, f) = (Sdiff.(aug) * SCOTlt.(auB)) (B) E "
1 N

S1x108 0 -7x107 -3x107 0 3x107  7x107  1x10°
w[s"]




Liquid Physics in FLASSH

Construct fine beta grid (for
convolution):

O Call convolve_grid subroutine
to determine appropriate
resolution and lower/upper beta

limits
¥

Build liquid TSL model over the
new beta grid:

O Call liquid model function (e.qg.,
lang for Langevin)

m Call besk1 (Bessel) function
if necessary

¥

Interpolate solid TSL onto new
beta grid:

O Call interp_grid subroutine to
interpolate values for every
convolution ‘window’

A\ 4

Convolve the liquid and solid
components:

O Call convolve subroutine to
perform the convolution

4

Construct total TSL.:
O Add in extra DW term

¥

Output results:

O Write TSL components to various
files




Doppler Broadening

» Free Gas
o Assumes a Maxwellian velocity distribution

o™ (E)= JdE S™(E'E)o(E), S™(E'E)= ffexp{

» Crystal Lattice
Compound nucleus effects separated from lattice effects
o Transition probability
Self Scattering Law
Identical to that used in thermal scattering
Describes the energy-momentum phase space of a material

S, (. B)
°(F)= [o 'B(E—Eo—ﬂkBT)2+(F/2)2

2
O'OF

(E-E)

2

|

23



Doppler Broadening

» Ab initio lattice dynamics
o Predictive density of states (DOS)

o Current DOS implemented in the ENDF/B-VIII.O cross
section library for U in UO,

o Fluorite
Structure

o 2x2x2 supercell
o GGA-PBE+U

. I . . . r .
14000 18U 6.674eV Resonance —— Free Gas - Ty = 99.11K (ENDF/B-VIL1 DOS) |
Total Cross Section Free Gas - T4 = 91.07K (ENDF/B-VIIL0 DOS)
o UOQ; Experimental (T = 23.6K)
12000 o %o -
—_ Py 1500 J Calculated vs. Experimental for U in UO, L
) o ]
E 3 1000 - L
B‘]OOOO_ 3500_/\/\ [ _‘I‘l'l‘l'l'l‘l'l'_
= g A : - ENDF/B-VIL1
2 8000 - g o] a ' —— ENDF/B-VIILO| |
8 -1000 1 -~ L -
£
(D -1500 4 __E’
% 6000 Energy (eV) w
o) @]
= \ o :
Q c I nooq 1
4000 S N
"N o H H
3 L kB H
' / ' & 1l
2000 é - L .
0 . 1 . 1 . 1 . /j
6.60 6.65 6.70 6.75 6.80 ' = FYYRrY Y —

000 0.01 0.02 003 0.04” 0.0:’; 70.06 0.07 0.08
Energy (eV) Energy (eV)



Doppler Broadening

»

Cross Section (barns)

Ab initio lattice dynamics
o Predictive density of states (DOS)

o Current DOS implemented in the ENDF/B-VIII.O cross
section library for U in UO,

’ . .
14000 22U 6.674eV Resonance
Total Cross Section

=== ENDF/B-VII.1 DOS (T = 23.6K) | —
ENDF/B-VIIL.O DOS (T = 23.6K)
o UO, Experimental (T = 23.6K)

12000

Calculated vs. Experimental for U in UO,
400

200 4

10000

o

8000

-200

-400 -

6000 Energy (eV)

4000

2000

0 " 1 " 1 " 1 L
6.60 6.65 6.70 6.75 6.80

Energy (eV)

Phonon DOS (arb.)

Fluorite
Structure

2x2x2 supercell
GGA-PBE+U

--- ENDF/B-VII.1
— ENDF/B-VIIL.O

hocs boaea

T T T T T

L - 1

0.02

0.03

0.04 0.05 0.06 0.07 0.08

Energy (eV)
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FIL.ASSH Generalized TSL

SS (/Z', C()) — 2_7];%Ie—iwte<U

2>+<Uv0>

dt=e?" >

Full Equation

2.(k&,

S

> 1
_ K2
) 3

1 1 & 6.8,

_ = _plI2
Clo)= "N keT = 2fsinh (512)

» Function of the polarization vector
and dispersion relations

»

n

n=0 n!

Cubic Approximation

P(B)
2fsinh(B12)

—pI2

1
Gl(a’):z
2
ZW:KI mMcoth ﬂ do
M0 @ 2k, T

Function of the density of states p(w)



FIL.ASSH Generalized TSL

» Beryllium Metal
o HCP (P63/mmc)

o Ab initio lattice
dynamics

o 4x4x3 Supercell

S—— e -
: |7 B =1.58151407 cubic approximation
PN
e N
107 | ﬁﬁf HLH _
LIWl
s ! \

108 S — S ——— . LL]

10 10" 10° 10"

Density of State (arb.)

5.49E-3 0 0
0 5.49E-3 0
o | o e

Exact Debye-Waller
Matrix (A?)

T T i T
. | ——PHONON - DOS

- LEHL*HI Jfﬂ |
L rd l i
S -
T (// T T T T
0.00 0.02 0.04 0.06 0.08 0.10
Energy (eV)
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FIL.ASSH Generalized TSL

»

Beryllium Metal
o HCP (P63/mmc)

o Ab initio lattice
dynamics

o 4x4x3 Supercell

B = 1.58151407 exact non-cubic

| | B =1.58151407 cubic approximation

103
102

107 109

10’

5.76E-3 | -1.58E-5 | 1.01E-6
-1.58E-5 | 5.74E-3 | -5.18E-7
1.01E-6 | -5.18E-7 -

Exact Debye-Waller
Matrix (A?)

3% ALY
A& AA&‘%A iy AN A AA A 8 ‘
N Y
LN
A%A A PG " .
b pat
iy
a [20,21]
—— AILD
r K M
wavevector



FUDGE/GNDS

<?xml version="1.0" encoding="UTF-8"72>
<reacticnSuite projectils="n" target="HinH20" evaluation="ENDF/B-6.0" format="1.10" projectileFrame="lab">

D O -
ngo I ng <styles>
T <evaluated label="eval" date="2018-10-01" library="ENDE/B" wversion="6.0.0">
CO a Ora Ion <temperature valus="0.0" unic="K"/>

<projectileEnergyDomain min="1e-05" max="5.0" unit="&V"/:»</evaluated></styles>

-
Wlth I I N I <documentationss
<documentation nam

</documentation></documentationss
<PoPs name="protare internal" wversion="1.0" format="0.1">
<barycons>
<baryocn id="n">
<masa>
<double lakel="eval" valus="1.00866491574" unit="amu"/></mass>
<spin>
«<fraction label="eval" valus="1/2" unit="hbar"/></spin>
<parity>
<integer labsl="ewal" walus="1"/></parity>
<charge>
<integer labsl="ewval" wvalus="0" unit="e"/></charge>
<halflife>
<double lakel="ewval" valus="881.3" unit="s"/></halflife></baryon></baryons>
<chemicalElements:>
<chemicalElement symbol="H" Z="1" name="Hydrogen">
<isctopes>
<isotope symbol="H1" A="1">
<nuclides>



Summary

FY 2018
B 10 new TSL evaluations contributed to ENDF/B-VIII.O

B 5 first-of-a-kind evaluations

FY 2019

B 4 new TSL evaluations
B 3 first-of-a-kind evaluations

Modern predictive methods for thermal neutron cross section
calculations based on the use of atomistic simulations

B Ab initio lattice dynamics

B Molecular dynamics (ab initio and classical)
O New materials
O All states of matter (solid, liquid, gas)
O Imperfect structure

FLASSH is a new thermal scattering analysis platform that uses a
generalized theoretical approach for TSL calculations

B Removed approximations such as incoherent approximation, cubic
approximation, atom site approximation and SCT approximation

Progress on FY 2019 tasks



